The chemical composition of horizontal branch (HB) stars might help to clarify the formation history of individual globular clusters (GCs). We studied the Na-O anti-correlation from moderately high resolution spectra for 91 stars on the bimodal HB of NGC 1851; in addition we observed 13 stars on the lower red giant branch (RGB). In our HB sample, 35 stars are on the blue HB (BHB), one is an RR Lyrae, and 55 stars are on the red HB (RHB). The ratio of BHB to RHB stars is close to the total in the cluster (35 and 54%, respectively), while RR Lyrae variables are under-represented, (they are ∼ 12% of the NGC 1851 stars). We also derived abundances for He and N in BHB stars. For RHB stars we derived Ba abundances and a few interesting upper limits for N. The RHB stars clearly separate into two groups: the vast majority are O-rich and Na-poor, while about 10-15% are Na-rich and moderately O-poor. Most (but not all) Na-rich RHB stars are also Ba-rich and there is an overall correlation between Na and Ba abundances within the RHB. The group of Ba-rich RHB stars resides on the warmer edge and includes ∼ 10% of the RHB stars. We propose that they are the descendant of the stars on the RGB sequence with very red v − y colour. This sequence is known also to consist of Ba and perhaps CNO-rich stars and consistently includes ∼ 5 − 10% of the RGB stars of NGC1851. However, the upper limit we obtain for N ([N/Fe]< 1.55) for one of the Ba-rich stars coupled with the low C-abundances for RGB Ba-rich stars from the literature suggests that the total CNO might not be particularly high ([(C+N+O)/Fe]≤ 0.15). The other Na-rich RHB stars are also at the warm edge of the RHB and the only RR Lyrae is Na-rich and moderately O-poor. We also find a Na-O anticorrelation among BHB stars, partially overlapping that found among RHB stars, though generally BHB stars are more Na-rich and O-poor. However, there is no clear correlation between temperature and Na and O abundances within the BHB. The average He abundance in BHB stars is Y=0.29 ± 0.05, which excludes a large population of extremely He-rich stars from our sample. N abundances are quite uniform at [N/Fe]=1.16 ± 0.14 among BHB stars, with a small trend with temperature. This value is consistent with normal CNO abundance and excludes that BHB stars are very CNO-rich: this leaves an age spread of ∼ 1.5 Gyr as the only viable explanation for the split of the SGB. To help clarifying the formation history of NGC 1851, we computed synthetic HB's trying to identify which HB stars are the descendant of the bright and faint subgiant branch (b-SGB and f-SGB) stars identified by Milone et al. (2008) , with respectively 2/3 and 1/3 of the stars of NGC 1851. While most BHB stars likely descend from f-SGB stars and are older, and most RHB stars from b-SGB ones and are younger, the correspondence is probably not one-to-one. In particular, the Ba-rich RHB stars should be less massive than the remaining RHB stars, and the location of their progenitors on the SGB is uncertain. If they descend from f-SGB stars, number counts then require that RR Lyrae variables and possibly some mild BHB stars descend from b-SGB stars; this suggestion is supported by a few circumstantial facts. An investigation of the composition of a large enough sample of SGB stars is required to firmly establish these relations.
Introduction
The distribution of stars along the horizontal branch (HB) of globular clusters (GC) provides a wealth of information that can be used to understand their formation and evolution. It is well known that several parameters are required to explain the shape of the HBs (van den Bergh 1967; Sandage & Wildey 1967 ; see discussion in Gratton et al. 2010) , the two most important being the overall metallicity (usually defined by [Fe/H]: Sandage & Wallerstein 1960; Faulkner 1966) , and age (see e.g. Dotter et al. 2010 ). In the recent years, it has become clear that star-to-star variations in He content also play an important role (D'Antona et al. 2002; D'Antona & Caloi 2004; Carretta et al. 2009; Send offprint requests to: R.G. Gratton, raffaele.gratton@oapd.inaf.it ⋆ Based on observations collected at ESO telescopes under program 386. D-0086 et al. 2010) . They are related to the phenomenon of multiple populations (Gratton et al. 2004 Piotto et al. 2008) , that is the presence of several generations of stars in GCs, the ejecta of a fraction of the stars from the earliest one polluting the material from which younger stars formed. Together with He, the abundances of several other elements change, including those produced by p−capture reactions in high-temperature Hburning that can then be used as tracers of this phenomenon. Anti-correlations are expected between C and N, O and Na, Mg and Al, depending on the temperature at which the H-burning occurred (which in turn is related to the mass of the polluters) and then on the timescale of the whole process. The abundance of these elements may then be used as a powerful diagnostics of the early phases of GC evolution.
Clusters with extended or even discontinuous distribution of stars along the HB (see Catelan et al. 1998 ) may be particularly interesting. In this general frame, it should be expected that there is an overall correlation between the colour (i.e. temperature) of the stars along the HB and the abundances of He and p−capture elements (D'Antona & Caloi 2004) . While many circumstantial evidence favour this scenario (see e.g. Gratton et al. 2010 and references therein), few GCs have been studied with adequate data to provide a more direct confirmation. Very recently, the existence of a clear correlation between HB morphology and Na-O anticorrelation have been soundly proved for M4 (Marino et al. 2011 ) and by our team for NGC 2808 ). However, data on additional GCs are required because there are other mechanisms that might potentially cause spreads in colours of stars along the HB (spread in mass loss, age, metallicity). For instance, such an effect may be produced by the merging of clusters of different age/chemical composition (van den Bergh 1996; Catelan 1997 ), a phenomenon that might possibly occur within a dwarf galaxy, later accreted by the Milky Way (Bellazzini et al. 2008; Bekki & Yong 2011) . Disentangling the effects of these various mechanisms is basic to a proper understanding of GC formation and evolution.
NGC 1851 is one of the most interesting GCs on this respect. Its HB is very peculiar, with a pronounced bimodal distribution of stars: a red HB (RHB), comprising ∼ 54% of the stars, a blue HB (BHB: ∼ 35%) and quite few RR Lyrae variables (∼ 12%: Walker 1998; Saviane et al. 1998; Milone et al. 2009 , who obtained a slightly higher fraction of RHB stars) 1 . While this might be explained by He abundance variations, in analogy with the case of NGC 2808 (D'Antona & Caloi 2004) , the blue HB is actually only slightly brighter than the red one, much less than it should be expected for the difference in He content required to explain the large spread in colours (see Salaris et al. 2008) . NGC 1851 shows other important differences from NGC 2808. First, the BHB is much shorter, lacking the long blue tail which is very prominent in NGC 2808. This agrees with its much fainter total absolute magnitude, because there is a good correlation between the maximum temperature of the HB stars and cluster luminosity (Recio-Blanco et al. 2006) . It is an additional indication that NGC 1851 lacks very He-rich stars, a fact which is also derived from the absence of any discernible split of the MS (Milone et al. 2008) . Second, the same Milone et al. (2008) showed that the subgiant branch splits into two sequences, the faint (f-SGB) one including 34 ± 3% of the stars, the remaining being on the brighter one (b-SGB). This splitting might be interpreted either as a spread of age (about 1 Gyr: Milone et al. 2008) or as the f-SGB being overabundant in CNO elements by ∼ 0.3 dex or more Salaris et al. 2008; Ventura et al. 2009 ). In the first case, the progeny of the f-SGB could be identified with the BHB, while the b-SGB might correspond to the RHB; the opposite should hold in the second case 2 . The number ratio favours then the first hypothesis, though the abundance analyses 1 The different radial distribution of RHB and BHB stars within the cluster makes an exact estimate of the relative fractions quite complicate (Saviane et al. 1998; Milone et al. 2008 Milone et al. , 2009 ). Here, we use the fractions derived at rather large distances from the center (typically in the range 2-10 arcmin) because our spectroscopic data mainly sample this region. For comparison, the core and half light radii of NGC 1851 are 0.09 and 0.51 arcmin, respectively (Harris et al. 1996) .
2 While acknowledging the problem related to number counts, Salaris et al. (2008) and Ventura et al. (2009) explored the possibility that a CNO-rich f-SGB coeval with a CNO-normal b-SGB is connected to the BHB. Everything else held constant, CNO-rich HB's should be redder and not bluer than CNO-poor ones. While a corresponding variation in He might result in a bluer HB, the variation proposed by Ventura et al. of ∆Y ∼ 0.04 is not enough to justify the proposed connection. With this hypothesis, the only possibility to reconcile models with observations discussed below possibly support the second one. Furthermore, Strömgren photometry of RGB stars (Grundahl & Bruntt 2006; Villanova et al. 2009; Carretta et al. 2011a Carretta et al. , 2011b shows a peculiar sequence with very red v − y colours that includes some 5-10% of the stars. This sequence could also be explained by an overabundance of CNO elements ); however its relation with the splitting of the SGB and HB is not clear, because the fraction of f-SGB stars is much higher than that of stars on the red v − y RGB sequence.
Various spectroscopic studies of red giants of NGC 1851 have been carried out in the last few years. They provided very interesting results, but not yet a final understanding of this cluster. Yong & Grundahl (2008) and Yong et al. (2009) studied a few stars with high resolution and high S /N spectra. At variance from what is typical of GCs, they found a correlation between p−capture and n−capture elements, as well as hints for a spread in CNO elements. The correlation between p− and n−capture elements has been confirmed by Villanova et al. (2010) using a slightly larger sample of stars; they however did not find any spread in CNO elements, possibly because of uncertainties in the transformation from relative to absolute abundances required for this determination (see Yong et al. 2011) . They also found that stars on the red v − y sequence are typically Ba-rich. Carretta et al. (2010 Carretta et al. ( , 2011 considered a much larger sample of red giants, albeit at lower resolution and S/N. They found a spread in [Fe/H] values larger than typical in GCs, which they interpreted as due to different populations; this agrees with what found from narrow band Ca II photometry (Lee et al. 2009 ). They also confirmed the correlation between n− and p−capture elements, and found that Ba-rich stars are typically more metal-rich than average. The stars on the red v − y sequence are indeed Ba-rich, but they found also some Ba-rich stars among the normal sequence (admittedly, these Ba abundances have rather large errors being based on a single, less than optimal line).
The overall pattern of abundances of NGC 1851 is clearly peculiar and cannot easily fit into the scheme adopted for more typical GCs such as M4 or NGC 2808. The only other cluster where a spread of Fe and a correlation between p− and n−capture elements have been found is M22, if we leave aside the two more massive ones, ω Cen and M54. Developing earlier similar concepts by van den Bergh (1997) and Catelan (1998) , Carretta et al. (2010 proposed that NGC 1851 is actually the result of the merging of two clusters, each one having their own Na-O anticorrelation, differing in age (by about 1-2 Gyr) and with a small difference in [Fe/H] . In their picture, the f-SGB, the Fe and Ba-poor RGB population, and the BHB are related to the older cluster; and the b-SGB, the Fe and Ba-rich RGB, and the RHB to the young one. Since there are however indications that NGC 1851 hosts also CNO-rich stars, it is possible that some of the f-SGB stars are actually CNO-rich stars of a younger population. In this scheme, there should be a complex correlation between chemical composition and colours of stars along the RHB, at variance with the cases for M 4 and NGC 2808. An explicit study of the chemical composition of stars along the HB might then help clarifying which is the correct scenario. In this paper we present the results of such a study.
The structure of the paper is the following: in Section 2 we present the observational data; in Section 3 we explain our analysis methods; in Section 4 we discuss the results of the abundance analysis; conclusions are drawn in Section 5.
would then be to assume that CNO-rich stars experience a larger mass loss along the RGB. 
Observation
We acquired spectra for 35 stars on the BHB, 1 RR Lyrae variable 3 , 57 stars on the RHB, and 13 on the lower RGB (luminosity below the bump) of NGC 1851 using the GIRAFFE fibrefed spectrograph at VLT (Pasquini et al. 2004 ). All stars were chosen to be free from any companion closer than 2 arcsec and brighter than V + 2 mag, where V is the target magnitude. The remaining fibres were used to acquire sky spectra. The median spectra from these last fibres were subtracted from those used for the stars. This was of particular relevance here, because the observed stars are typically very faint. We used two spectral configurations: HR12 (spectral range from 5808 to 6138 Å) and HR19 (from 7728 to 8317 Å), providing high resolution spectra including the strongest features of O I (the IR triplet at 7771-74 Å) and Na I (the resonance D doublet at 5890-96 Å, as well as the subor-dinate strong doublet at 8183-94 Å) accessible from ground and the only ones that might be used to determine O and Na abundances without a prohibitively long observing time. A few lines of N, Mg, Al, Si, Ca, Fe, and Ba were also included in the selected observing ranges. Different fibre configurations were used in order to observe a quite large number of RGB stars with the UVES spectrograph; these observations will be described elsewhere. We have observations with both gratings only for a subset of stars because a change in the UVES fibers placements requires a repositioning also of the GIRAFFE fibers to maximize the number of UVES RGB stars.
Our program was executed in service mode. We obtained a total of 6666 s (3 × 2222 s exposures) and 7500 s (3 × 2500 s) of observation with the gratings HR12 and HR19, respectively. The S/N of the summed spectra for the two gratings is typically ∼ 35 and ∼ 60, ∼ 22 and ∼ 32, and ∼ 30 and ∼ 50, for RHB, BHB, and RGB stars, respectively. The spectra were reduced by the ESO personnel using the ESO FLAMES GIRAFFE pipeline version 2.8.7. Sky subtraction, combination of individual exposures for each star, translation to rest-frame and continuum tracing were performed within IRAF 4 . Telluric lines were removed from the longest wavelength spectra by dividing the average spectrum of the warmer BHB stars (those with T eff > 11, 500 K). This combined spectrum has a S /N much higher than those of the individual program stars, and was obviously taken with the same airmass, so that the excision of the telluric lines turned out to be excellent. Examples of spectra are shown in Figure 1 . Figure 2 shows the location of the program stars on the colour magnitude diagram of NGC 1851. Our NGC1851 ground-based photometric catalogue (see Momany et al. 2004 (Skrutskie et al. 2006) , and Strömgren photometry is from Calamida et al. (2007) .
No information on membership of the program stars to the cluster was available prior to the observations. The very high radial velocity of NGC 1851 (+320.5±0.6 km s −1 , Harris 1996) allows to easily rule out field stars: a comparison with the Galactic model by Robin et al. (2003) indicates a probability of ∼2% to find one field interloper among the whole RHB and RGB samples in the same velocity range while the contamination among BHB stars is negligible (P < 10 −5 ). So, stars with radial velocities consistent with that of the cluster can be quite safely considered cluster members. On the other hand, all stars observed on the BHB and lower RGB have velocities consistent with that of the cluster, while two of the candidate RHB stars turned out to be disk interlopers. The average radial velocity of the RHB stars is +319.7 ± 0.5 km s −1 (r.m.s. scatter of 3.7 km s −1 ), that of BHB stars is +321.6 ± 0.7 km s −1 (r.m.s. scatter of 4.1 km s −1 ), and that of the lower RHB stars is +320.3 ± 1.0 km s −1 (r.m.s. scatter of 3.6 km s −1 ). All these values agree with the value listed by Harris (1996) .
Most of the BHB stars of NGC 1851 are cooler than the Grundahl et al. (1999) u−jump, and could be used in our analysis. Only five stars are warmer than this limit. We did not analyse them because surface abundances for these stars are heavily influenced by the effects of diffusion and radiation pressure, and then results are very difficult to be used in a discussion of original abundances. In addition, while in general we tried to avoid observation of variable stars, star #28738 turned out to be a known RR Lyrae (V12 of Walker 1998), which was shifted out of the instability strip in our photometry. Using data by Walker (1998) , we estimated that all our three observations for this star were luckily obtained close to the minimum of the light curve, and could be used for abundance analysis. For this star we then adopted a B − V = 0.47, which is the average colour at the observed phases, according to Walker (1998) .
Some HB stars rotate with velocities up to a few tens of km s −1 (Peterson et al. 1995; Behr et al. 2000a Behr et al. , 2000b Carney et al. 2008) . We checked for fast rotators in our sample examining the FWHM of the lines, by cross correlating the spectra with those of templates. No really fast rotator was found in our sample. The only possible moderate rotator is star #27792, for which we obtain a FWHM=38.0 km s −1 , with respect to typical values of 27 km s −1 for the other BHB stars. This might indicate that this star rotates with V sin i ∼ 30 km s −1 . However, star #27792 is warmer than 11,500 K and was not included in our abundance analysis.
Analysis

Atmospheric parameters
The analysis follows procedures similar to those adopted in the case of NGC 2808 (Gratton et al. 2011 ). However, a few modifications were made, so we describe them again.
For the RHB and RGB stars, effective temperatures were derived from the B−V, b−y, and V−K colours, using the calibration of Alonso et al. (1999, with the erratum of Alonso et al. 2001 ). The colours were dereddened using the E(B − V) values from the updated on-line version of the Harris (1996) catalogue and the E(V − K)/E(B − V) value from Cardelli et al. (1989) . The calibrations require input values for the metallicity [A/H]. We adopted the value obtained by Carretta et al. (2010) . We assigned weight 4 to the B − V colours, 5 to the b − y, and 1 to the V − K ones, because the program stars are very faint for the 2MASS observations. The comparison between temperatures from b − y and those from the other two indices together yields a mean difference of 0 ± 8 K (r.m.s.=67 K) and 5 ± 20 K (r.m.s.=71 K) for the RHB and RGB stars, respectively. For the RR Lyrae star #28738=V12, we could only use the B − V value from Walker (1998) .
For the blue HB stars, we started from the (B − V) − T eff calibration by Kurucz 5 , as in NGC 2808. Infrared colours from 2MASS are not reliable for these faint stars. Furthermore, B − V colours saturate, so that errors in individual temperature values become very large. We then derived effective temperatures from B − V for individual stars (T eff (B − V)), but then fitted a quadratic relation between these temperatures and the V magnitudes, and extracted a temperature (T eff (V)) entering the V magnitude into this relation. We repeated this procedure using u − y colours from Strömgren photometry rather than V, obtaining a second value for the temperature (T eff (u − y)). The adopted T eff 's are the average of T eff (V) and T eff (u − y) for individual stars obtained from these relation. Since they are ultimately calibrated against T eff (B − V), these temperatures are on the same scale used for NGC 2808, but they have much smaller internal errors. Note that two stars (#35868 and #46902) are clearly brighter than the mean line for the BHB; they are likely stars evolved off the HB. For these stars, T eff (V) was not considered. On average, T eff (V) − T eff (u − y) = 33 ± 52 K, with an r.m.s. of 280 K.
Given these comparisons, we assumed errors of 50, 50, and 200 K as representative values for the internal errors in the temperatures for RHB, RGB, and BHB stars respectively. Systematic errors due to scale errors or incorrect parameters for the cluster are likely larger. We come back later on their potential impact.
The surface gravities were obtained from the masses, luminosities, and effective temperatures. For the masses, we adopted values of 1.00, 0.657, and 0.575 M ⊙ for stars on the RGB, RHB, and BHB (see Gratton et al. 2010 and Sect. 4 .5 for discussions of values adequate for the different sequences). The bolometric corrections were obtained using calibrations consistent with those used for the effective temperatures (Alonso et al. 1999 for the red giant and RHB stars, and Kurucz for the BHB stars). The adopted distance modulus has been taken from Harris' catalogue.
Errors in gravities are small. The assumption about masses is likely correct within 10%, while those on the effective temperature and luminosity cause errors in gravities not larger than ∼ 2% for the RHB stars and red giants, and ∼ 8% for the BHB stars. The error in gravities is then not larger than 0.05 dex for the cool stars and 0.10 dex for the warm ones.
The same metal abundance of [A/H]=-1.2 and microturbulence velocity ξ µ of 2.0 km s −1 were adopted for all RHB stars, and 1.5 km s −1 for the RGB ones. The metal abundance is similar to the average value of our Fe abundances for the RHB stars: [Fe/H]=−1.14 ± 0.01 (r.m.s.=0.064 dex). Note that uncertainties in the Fe abundances are much larger than represented by this tiny error bar, which is simply the standard deviation of the mean value. Our average Fe abundance is very close to that derived for RGB stars by Carretta et al. (2010 Carretta et al. ( , 2011a [Fe/H]=-1.16). For the RGB stars we obtained a slightly lower value of [Fe/H]=−1.18 ± 0.03 with a larger r.m.s. of 0.11 dex, which is not surprising because on average we measured fewer lines due to smaller spectral coverage and lower S/N of the spectra.
The microturbulence velocity ξ µ is not well constrained by our data, because the Fe I lines have only a moderate range in equivalent widths. Practically, only the 6065 Å line is saturated enough to really constrain it, so that its value is sensitive to the atomic parameters (oscillator strength and damping constant) we adopted for this line. The gf for this line is from VALD database (Kupka et al. 2000) 6 , the damping constant is from Barklem et al. (2000) . Taken at face value, the Fe I lines yield a low value for ξ µ = 1.3 km s −1 . On the other hand, some lines of other elements are quite strong. For instance, the Ca I lines at 5857 and 6122 Å are well on the flat part of the curve of growth (see Sect. 3.2 for a discussion of the parameters we adopted for these lines). The adoption of the low value of the microturbulence velocity indicated by the Fe I lines would yield large overabundances of Ca (on average [Ca/Fe]∼ 0.9), inconsistent with the value derived from giants ([Ca/Fe]=0.30 ± 0.02: Carretta et al. 2011a Carretta et al. , 2011b , which is a typical value for metal-poor stars. The value of ξ µ we adopted is a compromise, producing only a moderate trend of the Fe abundances with EW and a more acceptable average value of [Ca/Fe]=0.48. However, these comparisons indicate that our values of the microturbulent velocities have rather large systematic 6 See URL vald.astro.univie.ac.at error bars attached, which we estimate at ±0.5 km s −1 . We note that the value we adopted is in the middle of the range usually found in previous analysis of BHB stars (Lambert et al. 1992; Behr et al. 1999 Behr et al. , 2000b Kinman et al. 2000; Fabbian et al. 2005; Villanova et al. 2009; Marino et al. 2011) .
Two Fe II lines (at 5991.38 and 6084.10 Å) could be measured in RHB spectra and only the first one in RGB ones. Abundances derived from these lines are in fair agreement with those obtained from the Fe I lines: on average we obtained [Fe/H]=−1.20 ± 0.01 and −1.23 ± 0.08 for RHB and RGB stars respectively. This supports the choice of the atmospheric parameters adopted throughout this paper. Table 2 lists the effective temperatures T eff and surface gravities log g we used in the analysis of the program stars, as well as the abundances for Fe I, Fe II. Table 3 gives the abundances for N I, O I, Na I, Mg I, Mg II, Si I, Ca I, and Ba II. Abundances were estimated from equivalent widths. The analysis is very similar to that described in Gratton et al. (2011a) for NGC 2808. In the following section we give details for a few elements, outlining what was changed from that paper.
Analysis for individual elements
Nitrogen: N abundances were derived only for BHB stars (upper limits were obtained for the cooler stars). They are based on the two high excitation lines at 8216.3 and 8242.4 Å. The first one has been used in the recent analysis of the solar N abundance by Caffau et al. (2009) , who obtained a N abundance of log n(N) = 7.85 from this line (for the 1-D LTE analysis, which is within 0.01 dex from the value they obtain from the 3-D NLTE one), very close to their recommended value of log n(N) = 7.86. We use the VALD log g f for this line, which is 0.13 dex lower than the NIST one; with this value, we obtain a solar N abundance of log n(N) = 7.99 using the Kurucz 1-D solar spectrum, which is consistent with the difference in the adopted g f 's. We conclude that these lines yield abundances consistent with the best estimate of N abundances for the Sun.
On the other hand, non-LTE corrections are likely not negligible for these lines for BHB stars. Statistical equilibrium calculations for N in population I A-type stars have been presented by Przybilla & Butler (2001) , who also made comparisons with previous determinations. The stars considered by these authors bracket the surface gravity and line strength range of the stars studied here, though they are more metal-rich. While they do not provide non-LTE corrections for the two lines considered in this analysis, they provide data for many lines of the same lower and close upper levels, which are most likely very close to those appropriate for the lines we could measure. The non-LTE abundance corrections they obtained for these lines are nearly proportional to the EWs, being well reproduced by the same relation ∆[N/Fe]=-0.0036 × EW for all stars in their sample. We then adopted the corrections given by this relation to the abundances we derived from the LTE analysis. The corrections are quite uniform, with a mean value of -0.28 dex. Although it is clear that this is a rough procedure that may bring some additional uncertainty, we deem unlikely that these corrections are in error by more than half this value. After this correction, the N abundances are very uniform among the BHB stars, with an average value of [N/Fe]=1.16±0.15. The error bar is here the r.m.s. scatter of individual values and agrees with internal errors. We plotted these N abundances against various quantities (including O and Na abundances); we only found a small trend for increasing N abundances with effective temperature, with stars with T eff < 9000 K having N abundances some 0.1-0.2 dex below the average, and those with T eff > 11000 K with N abundances higher than average by a similar amount. This small trend might either be real (warmer stars on the HB might indeed be expected to be more N-rich), or an artifact of the analysis, since the trend is at the level where we expect possible systematic errors.
We looked for the N lines in the spectra of the RHB stars. The line at 8216.3 Å is in a difficult region, with strong telluric lines that must be subtracted with care. We looked for but did not detect the 8242.6 Å line in the summed spectrum of the RHB stars; we may set an upper limit of EW< 3 mÅ, which yields [N/Fe]< 1.1. We also looked for this line in individual spectra but we did not detect it in any. For instance, the robust upper limit of 15 mÅ we get for the warm, Ba-rich star #54362 implies [N/Fe]< 1.55, which is distinctly lower than the value for the most N-rich bright red giant observed by Yong et al. (2009) . In order for this upper limit to coincide with such a high N abundance, our temperature scale for RHB should be lowered by 200 K, which we deem quite unlikely.
Oxygen: Oxygen abundances have fairly large errors, especially for BHB stars. This is because, due to the geocentric radial velocity of NGC 1851 stars, the telluric emission line at 7780.4 Å (Hanuschik 2003) falls very close to the strongest line of the triplet. This makes the sky subtraction uncertain for the faintest stars (the BHB ones) in our sample. As in the case of NGC 2808, we applied the non-LTE corrections by Gratton et al. (1999) for RHB and RGB stars and the RR Lyrae variable, and from Takeda (1997) for BHB stars.
Sodium: In all spectra the D1 line is blended with the interstellar D2 line, and cannot be measured accurately 7 . In addition, we could use the doublet at 8183-94 Å in all RHB and RGB stars, and in cooler BHB ones.
For RHB stars we adopted the non-LTE corrections by Gratton et al. (1999) . For the stars of interest here they are typically negative and small in absolute value: ∼ −0.15 and ∼ −0.05 dex for the D2 line and the 8183-94 Å doublet respectively. Had we applied the updated corrections by Lind et al. (2011) , these would have been much larger in absolute value (∼ −0.55 and ∼ −0.40 dex, respectively). However, we prefer to keep the older values by Gratton et al. (1999) for uniformity with the analysis of red giants by Carretta et al. (2009) and of the stars in NGC 2808 ). This comparison shows that 7 There are large star-to-star variations in the strength of the interstellar D1 line. Large EWs were obtained for stars located along two filaments, running approximately E-W and located north and south respectively of the cluster center. These large variations make it impossible to use e.g. the warmest HB stars to subtract the interstellar D2 component from the blend with the stellar D1 line. quite large offsets can be present in our Na abundances, although the star-to-star values are almost unaffected by this uncertainty. For the BHB stars we used the non-LTE corrections by Mashonkina et al. (2000) , as done for the BHB stars in NGC 2808. A discussion of the impact of these non-LTE corrections can be found in Gratton et al. (2011a) .
On average, the D2 lines give higher Na abundances than the doublet at 8183- Magnesium: Mg abundances for RHB and RGB stars are based on the Mg I line at 8213.04 ) and those for BHB on the Mg II lines at 7877.06 and 7896.38 Å. For RHB and RGB stars we obtain a very small star-to-star scatter (only 0.06 dex), fully consistent with a single Mg abundance of [Mg/Fe]=0.39 ± 0.06. The abundance scatter is much larger for BHB stars (0.23 dex). This may be interpreted either as a real result (a Mg-Na anticorrelation) or as analysis scatter.
Aluminium: The high excitation doublet at 7835.3-36.1 Å was not detected in our spectra for individual stars, either on the RGB or RHB. This sets an upper limit of [Al/Fe]< 0.2. The Al feature is not even unambiguously detected in the sum of all the RHB spectra: in this case we detected a very weak feature which might possibly be identified with the strongest component of the doublet (the 7836.1 Å line) with EW=1.7 mÅ, which yields [Al/Fe]∼ −0.6. Calcium: We derived LTE Ca abundances for RHB and RGB stars from the 5857 and 6122 Å lines. Accurate oscillator strengths are available for these lines from VALD; we adopted the same damping constants used by Mashonkina et al. (2007) . Non-LTE corrections are expected to be small (see Mashonkina et al. 2007 ). Since the lines are quite strong, they are quite sensitive to the adopted value for the microturbulent velocity. As mentioned in Sect 3.1, our Ca abundances for RHB stars are quite high.
Barium: The Ba abundances are based on the Ba II line at 5853.69 Å, which is quite strong in the spectra of RHB and RGB stars (this line is not expected to be detectable in BHB stars). The line parameters adopted in our analysis are the same of Mashonkina & Zhao (2006) , including the collisional damping constant. Note that hyperfine structure should be negligible for this line (total width < 8 mÅ). We are not aware of statistical equilibrium computations for Ba appropriate for this line and for model atmosphere parameters in the range of the program stars. However, departures from LTE are not expected to be very large (see Korotin et al. 2011 ).
He abundances
He abundances were obtained using the narrow multiplet at 5875.6 Å. Figure 3 compares the run of the EWs for this line with that expected for model atmospheres of different temperatures, computed with parameters appropriate for the HB of log n(He)= 10.8 log n(He)= 11 log n(He)= 11.2 log n(He)= 11.4 Fig. 3 . Run of the EW of the He I line at 5876 Å as a function of T eff along the BHB of NGC1851. Overimposed are lines of constant He abundance (log n(He) =10.6, 10.8, 11.0, 11.2 and 11.4). These curves have been computed for gravities appropriate to the location along the BHB. NGC 1851, and different values of the He abundances. The points relative to individual stars display a rather large scatter, mainly due to errors in the EWs, which are quite large given the fairly low S/N of the spectra. This rather large scatter precludes the use of the He abundances to discuss properties of individual stars. However, the rather large number of stars available allows to derive a sensible average value of log n(He) = 11.01 ± 0.10, which corresponds to an abundance in mass of Y=0.291 ± 0.055. While the error bar of this average value is still quite large, it agrees fairly well with expectations for a population with an initial He abundance as given by the Big Bang alone (Y=0.248 : Cyburt 2004) and later modified by the effect of the first dredgeup, which is ∆Y ∼ 0.015 for the stars under consideration (Sweigart 1987) . The error bar is large enough to accommodate a moderate He enhancement; however very large initial He abundances (Y > 0.33) are not compatible with the present result. This agrees with the lack of evidence for a broadening of the main sequence (Milone et al. 2008) . A normal helium was also found using the R-parameter (Salaris et al. 2004 ).
Error analysis
Error analysis was done in the usual way, by repeating the abundance derivation by modifying a single parameter each time.
Relevant data are given in Table 4 . The last column gives an estimate of the total internal errors obtained using the sensitivities listed above, as well as the errors in the individual parameters given on lines 2 and 3 for blue and red HB stars, respectively. Figure 4 shows the Na-O anticorrelation we obtain for the HB stars of NGC 1851. Different symbols are used for blue and red HB stars. For comparison, we also plotted the Na-O anticorrelation for red giants by Carretta et al. (2011) . We remind that the HB stars hotter than 11,500 K are not considered here because their surface abundances are not related in a simple way to their original composition. However, only ∼ 5% of the HB stars of NGC 1851 are that warm. On the whole, we obtain a clean Na-O anticorrelation with an inter-quartile of IQR(Na/O)=0.70 ± 0.41, which is very similar to the value obtained for the RGB by Carretta et al. (2011: IQR(Na/O)=0.69). On the other hand, the relation between O and Na abundances with colour/temperature is not as clear as it was the case for NGC 2808 and there is considerable overlap between the range of O and Na abundances covered by BHB and RHB stars (see Figure 5) .
Discussion
The Na-O anticorrelation
More in detail, we compare in Fig 6 the distribution in [Na/Fe] of BHB and RHB stars. For comparison the same distribution using the abundances of RGB stars by are also shown. It is apparent that RHB stars distribute in two well defined groups: a "majority" group (including 36 stars) have [Na/Fe]< 0.3 and a small group (5 stars) have [Na/Fe]> 0.3. The statistics is improved by considering also the stars that have not been observed with HR19, and then have no O abundance. The subdivision in two groups is still very clean after this addition: there are in total 46 Na-poor and 8 Na-rich stars. In addition, one star (#31903) has a very high [Na/Fe]=0.93.
The RR Lyrae variable has Na and O abundances very close to that found for the group of Na-rich and moderately O-poor RHB stars.
The BHB stars also define a Na-O anticorrelation, including and Na-rich ([Na/Fe]∼ 0.7) stars. However, the large errors associated to individual BHB stars do not allow to understand if the distribution is continuous or bimodal: this ambiguity is even more evident if we consider also the stars for which no information about the O abundance was available, which spread over a large range of Na abundances (see Fig. 6 ). There are even two stars (#28078 and #40227) for which we get [Na/Fe]> 1.
On the whole, we obtain a correlation between the [Na/O] abundance ratio and colour of the stars (see Figure 5 ). However, while this correlation is very clean for the RHB stars (the Spearman ranking test gives a probability smaller than 0.05% that the observed correlation is random), it is much less clear within the BHB ones (in this case the probability is only smaller than 7%), although on average they have lower O and higher Na abundances (for the whole sample, the probability of a random result is smaller than 0.05%; see Figure 5 ). To further complicate the interpretation of observational data, we must take into account the possibility of systematic offsets between the abundances obtained for RHB and BHB stars, mainly related to uncertainties in the non-LTE correction. This result of our analysis should then be taken with some caution, and it is well possible that there is no real offset in Na abundances between RHB and BHB stars. However, we deem the conclusion that O-Na anticorrelations do exist separately for both BHB and RHB stars robust.
CNO in BHB stars
Cassisi et al. (2008) and Ventura et al. (2009) suggested that the f-SGB is due to a CNO rich population that is also responsible for the BHB. We may compare the prediction of this hypothesis (the BHB are CNO-rich) with our results. We obtain aver- 
Ba and N abundances in RHB stars and their relation with Na abundances
The Ba abundances also provide useful information in NGC 1851. Yong et al. (2008 ), Villanova et al. (2010 , and Carretta et al. (2011a) have obtained clear correlations between Na and Ba abundances and have shown that the large Ba abundances found in several RGB stars of NGC 1851 can be attributed to the s−process. This suggests an important contribution by thermal pulsing AGB stars to the chemical evolution of this GC. Here, we measured Ba abundances for 44 RHB and eight RGB stars but we have no information about Ba in the BHB stars and the RR Lyrae variable. We obtain a clear correlation between Na and Ba abundances (see Figure 7) . A small part of this correlation might be explained by scatter in the appropriate value for the microturbulent velocity for individual stars, since these lines are quite strong and we adopted the same value for this parameter in all stars. However, the correlation extends over a very broad range and extreme values cannot be explained in this way. We recall that Carretta et al. (2011a) found a large spread in Ba abundances along the RGB. Ten stars in their sample (9±3%) are clearly Ba-rich ([Ba/Fe]> 0.7), while the remaining ones distribute over the range 0.1<[Ba/Fe]<0.7. This latter scatter might be related to the use of a not optimal line (the 6141 Å one, which is blended with a Fe I line). However, in that work the group of Ba-rich stars tends to have on average larger abundances of Na (0.2<[Na/Fe]< 0.5; see Fig. 6 ). On the other hand, our RHB stars clearly divide into two groups: seven stars are Barich ([Ba/Fe]> 0.7), the remaining are Ba-poor ([Ba/Fe]< 0.4). Since RHB makes up ∼60% of the HB stars in NGC 1851, Ba- rich RHB stars should be ∼ 10 ± 4% of the stars, while Ba-poor correspond to ∼ 50 ± 4%. The identification of Ba-rich RHB and RGB stars is quite obvious. For exclusion, we then suggest that the BHB stars (for which we did not measure Ba abundances) join the remaining RHB stars being Ba-poor.
We notice that the fraction of Na/Ba-rich RGB stars is consistent with the fraction of stars along the anomalous v − y sequence (∼ 7%: see Carretta et al. 2011b) . Indeed all stars on the anomalous red RGB in the v, (v − y) diagram are Ba-rich (Villanova et al. 2010; Carretta et al. 2011a ). The Strömgren colours of this sequence indicate very strong CN bands, which might be explained either by an extremely large N abundance 8 , or by a C abundance comparable to that of O in the atmospheres of these stars, leaving a lot of C available for the formation of C-bearing molecules such as CN and CH in cool RGB stars (see Carretta et al. 2011b ). In the second case, since Barich stars are Na-rich and moderately O-poor, C abundances do not need to be extraordinary large, and even a moderate excess of C+N+O might explain observations. The direct determination of the CNO content for a few stars of this sequence by Yong et al. (2011) indicates a low C ([C/Fe]∼ −0.7) and a very high N content (up to [N/Fe]∼ +2.2), favouring the first explanation, since 8 We estimated the impact of a very large N abundance on v − y computing synthetic Strömgren colours for for a red giant with the same approach of Carretta et al. (2011b) . We considered the case of a red giant with M V = −1, We conclude that the exact values of the CNO abundances in the RGB Ba-rich stars is still uncertain, although they are definitely more N-rich and C-and O-poor than the RGB Ba-poor stars. We have not measured the sum of C+N+O for the RHB stars. However, the lack of detection of the N I line at 8216 Å yields an upper limit to the N abundance of [N/Fe]< 1.55 for the warm Ba-rich star #54362, which has [O/Fe]=0.00. Given the possible systematic errors in N abundances from CN lines and the error bar of our determination, this is perhaps not incompatible with the results of Yong et al. for Ba-rich RGB stars, and agrees with that of Villanova et al. If we now assume that the C contribution to the sum of C+N+O is negligible, as found for stars along the RGB, we get an upper limit of [(C+N+O)/Fe]< 0.5 for this star. Taken literally, the comparison between the upper limit for the Ba-rich RHB star and the BHB ones indicates an excess of C+N+O smaller than a factor of 2 for the first star. This is lower than the range in CNO abundances estimated by Yong et al., and in agreement with that by Villanova et al. On the other hand, assuming [(C+N+O)/Fe]∼ 0.15 is however enough to explain the anomalous v − y colours of these stars. There are several possible sources of errors in this determination, including systematic errors in the atmospheric parameters or departures of real atmospheres from the model ones. Also, it is possible that star #54362 is not a typical Ba-rich star (the Ba excess of [Ba/Fe]=+0.93 is lower than that obtained for a few other stars). However, this comparison suggests that after all the Ba-rich RHB stars might possibly be not particularly rich in the sum of C+N+O.
4.4. The Na/Ba poor and Na/Ba-rich RHB stars in the colour-magnitude diagram
The Na-poor RHB stars have a very small range in B − V and Strömgren colours, and hence T eff (∼ 200 K peak-to-valley) . They appear as a very compact group in all diagrams we plotted. The Ba-rich RHB stars are bluer (by 0.044 ± 0.012 mag in B − V), warmer (by 148 ± 32 K), and on average slightly brighter than the other RHB stars: the difference in V magnitude is small (−0.035 ± 0.012 mag) but significant at almost 3−σ. The two groups of RHB stars separate clearly in the colour-magnitude diagram, because differences of average values are larger than the internal scatter of each group. The luminosity difference between Ba-rich and Ba-poor RHB stars might in principle be explained in various ways. For instance, it might be attributed to a difference of ∆Y ∼ 0.008 in the He content. However, a difference in He abundance alone would not explain why the RGB Ba-rich stars (likely the progenitors of the RHB Ba-rich stars) have anomalous v − y colours. This hypothesis is then not enough to justify all observations. A difference in HB luminosity similar to that observed would also be produced by a change of 0.1 dex in metallicity, were the Na-rich more metal-poor than the Na-poor ones. However Narich RHB stars have [Fe/H]=−1.121 ± 0.015, r.m.s=0.045 dex, and Na-poor ones [Fe/H]=−1.147±0.010, r.m.s=0.066 dex. This is not likely to produce appreciable differences in both luminosity and colours. Therefore this hypothesis does not agree with observations. Furthermore, since CNO abundance variations have been widely proposed to explain the SGB and HB of NGC 1851 Cassisi et al. 2008; Ventura et al. 2009) , it is useful to consider if they can justify these observations. However, while CNO-rich HBs are indeed brighter than CNOnormal ones, they are expected to be also much redder (Lee et al. 1994; Pietrinferni et al. 2009 ), while they are bluer. This solution is then not acceptable too.
We finally note that there are two Na-rich and Ba-poor RHB stars (#39317 and #50923). They are ∼ 300 K warmer and ∼ 0.1 mag brighter than the average RHB stars. We suggest that these two stars evolved well off their ZAHB locations, which were possibly on the BHB or within the instability strip. Incidentally, the only RR Lyrae variable is Na-rich, but unluckily we do not have Ba abundance determination for this star.
Comparison with simulated HBs
To look for an explanation of the conundrum of the Ba-rich RHB stars, we have to consider differences in more than a single parameter between Ba-rich and Ba-poor RHB stars. For instance, we may assume that the Ba-rich stars are not only more rich in CNO elements (which may explain the anomalous v − y colour on the RGB), but also older (and then less massive) than the Bapoor RHB stars. In the scenario where the separation between BHB/f-SGB and RHB/b-SGB sequences is due to an age difference of about 1 Gyr, this corresponds to attributing to the Ba-rich stars an age more similar to the first group or at least intermediate between the two. To explore this possibility, we ran some simulation for the HB of NGC 1851. They were performed as described in Salaris et al. (2008) and we adopted Walker (1998) VI photometry to create the reference observational CMD, for it includes also mean magnitudes of RR Lyrae stars, that fill the gap seen in Fig. 2 between the RHB and the more extreme BHB. We will denote as 'horizontal part of the BHB' this section of the observed HB.
We have employed as reference set the HB evolutionary tracks for [Fe/H]=−1.31, Y=0.248, [α/Fe]=0.4 from the BaSTI database 9 (Pietrinferni et al. 2006 ). In addition, we have interpolated among the α-enhanced BaSTI models at Y=0.248 and Y=0.300, to determine HB tracks for intermediate values of Y, at [Fe/H]=−1.31. Finally, we have also interpolated between the reference set and the CNO and Na anticorrelated models with CNO sum enhanced by 0.3 dex (Pietrinferni et al. 2009) to determine HB tracks with a milder CNO-enhancement, equal to 0.15 dex. We adopted E(B-V)=0.02 (Walker 1998) and employed a distance modulus (m − M) V =15.58 obtained from matching the mean magnitude of the RHB with our synthetic counterpart.
In our simulations we have considered as constraints a number ratio between b-SGB and f-SGB stars equal to 70:30, and a 30:10:60 ratio between stars at the blue side, within, and at the red side of the instability strip, respectively. Figure 8 displays a realization of our synthetic calculations of the cluster HB (bottom panel) compared to the observed CMD (upper panel). The number of stars in the synthetic HB is approximately equal to the observed numbers. We considered the observed HB of NGC1851 formed by the contribution of four different stellar populations, with a Gaussian mass distribution for each component:
-The BHB/f-SGB population: it is associated to the f-SGB and makes up therefore ∼25% of the cluster stellar content.
To match both color and magnitude of the BHB we adopted a HB mass of < M >= 0.590 ± 0.005M ⊙ (corresponding to a total mass loss of the RGB progenitor equal to ∼0.20M ⊙ for a ∼12 Gyr population with the chemical composition specified below) a normal [C+N+O]/Fe abundance and an helium content Y=0.280 (blue circles in Fig. 8 ); -The RHB population: this population is the dominant cluster population (∼55%) and represents the vast majority of the progeny of b-SGB stars. It has been assumed to be ∼ 1.5 Gyr younger than the BHB one, with a cosmological helium content Y=0.248 and the same [C+N+O]/Fe abundance of the BHB. The observed CMD is reproduced with a HB mass of < M >= 0.670 ± 0.005M ⊙ (open red squares in the Fig. 8 ) consistent with the same total RGB mass loss as for the progenitors of BHB objects; -The population of Ba-rich stars: this population is ∼10% of the cluster stellar content. It has been reproduced with a mass of < M >= 0.650 ± 0.004M ⊙ (consistent with an intermediate age between the two above populations), assuming a cosmological helium content Y=0.248 and an enhanced [C+N+O]/Fe by 0.15 dex (cyan filled triangles in the Figure 8 ). This mean mass corresponds to a progenitor age intermediate between the RHB and BHB populations, when the same total RGB mass loss is assumed; -A fourth population constituting ∼10% of the cluster stars has been added to populate the horizontal part of the BHB visible in Walker (1998) CMD, that includes the instability strip (filled red circles in Figure 8 ). We employed for these stars a HB mass of < M >= 0.640 ± 0.006M ⊙ , Y=0.265 and normal [C+N+O]/Fe abundances, to reproduce both the color extension and the magnitude of the HB at 0.25 < V − I < 0.55. Our spectroscopic data do not cover this portion of the HB, but this additional population is obviously necessary to reproduce the observed HB in the region of the instability strip, and accounts for the two Na-rich Ba-poor stars brighter and warmer than the bulk of RHB stars.
9 http://www.oa-teramo.inaf.it/BASTI Fig. 9 . Comparison between the photometry displayed in Fig. 8 restricted to the bluest HB stars, and the corresponding synthetic HB simulations, for various assumptions about the initial He contents (see labels). The two horizontal lines mark the region in the CMD that include stars whose surface He abundance have been measured for this work.
Our synthetic HB simulations show that with a suitable choice of age and CNO abundances we can reproduce the location of the Ba-rich stars in the color-magnitude diagram for both RGB and HB stars. Other pairs of parameters are not as successful. The anomalous v − y colours of the RGB Ba-rich stars can only be explained with overabundances of CNO elements. The small differences in luminosity and [Fe/H] rule out pairs such as (He, CNO) or ([Fe/H], CNO).
As outlined above, our selected distribution of initial He abundances generates a satisfactory fit to the overall HB morphology. In particular, the initial He adopted for the bulk of RHB stars and for the horizontal part of the blue HB reproduces nicely the increase of the average HB brightness when moving away from the RHB towards higher effective temperatures. On the other hand, as shown by Fig. 9 , the bluest HB is almost perpendicular in the V, (V − I) plane, and does not allow a clear-cut selection of the most appropriate initial He abundance. One can safely conclude that the lower He mass fraction Y=0.26 is clearly ruled out, and there is some hint that Y=0.30 generates a too steep sequence compared to the observed CMD, but some constraints are required. They are indeed provided by CMDs that make use of ultraviolet photometric bands, as has been shown conclusively by Busso et al. (2007) and Dalessandro et al. (2011) . We have therefore compared our synthetic HB simulations with data in the Strömgren u, (u − y) CMD -obtained from the same dataset used for determining the T e f f of our star sample (see the discussion in the previous sections). The comparison is shown in Fig. 10 . In this CMD the morphology of the bluer part of NGC1851 HB puts strong constraints on the initial Y values: both the lower (Y=0.26) and higher (Y=0.30) He abundances are clearly ruled out, whereas an initial He abundance Y=0.28 is able to reproduce the observed distribution of stars in this CMD. This value of Y is consistent with the central value of the He abundance distribution obtained from spectroscopy. Notice the three stars located at (u − y) <1.0, that appear overluminous compared to trend set by the synthetic calculations. Their colors correspond to T e f f above 12000 K, that marks the onset of radiative levitation (Grundahl et al. 1999) . It is also important to remark that at the relatively high temperatures of the BHB stars displayed in Fig. 10 the effect of the CNONa abundance anticorrelations on the bolometric corrections to the u and y bands are expected to be negligible (see Sbordone et al. 2011) .
This discussion shows that many aspects of NGC 1851 can be derived by using the whole set of observations available for HB stars. However, we acknowledge that we had to consider many different stellar populations, and this may then appear quite contrived. In addition, we are aware that other combinations of parameters are likely possible, including e.g. suitable mass loss laws for different group of stars. Anyhow, we think that any model trying to reproduce this whole set of observations must assume that NGC 1851 contains many stellar populations and that its history was certainly complex. Finally, we wish to notice that the difference of our derived HB He abundance distribution compared to Salaris et al. (2008) results is mainly due to the different photometric datasets we employed here, as well as to the larger number of observational constraints accounted for in our simulations. Figure 11) ; we notice that the Na D2 line is however detectable, and it is not wider than those of other stars, excluding the possibility that this star is a fast rotator. We have not a definite explanation for this anomaly, but it is possible that this is a very metal poor star. This possibility would be most intriguing. We notice that it has a large u − y colour, which might suggest a low gravity. In addition, a few stars have very high Na abundances. Some examples are shown in Fig. 12 . Errors are large for BHB stars, but anyhow star #40227 stands out as peculiar ([Na/Fe]=1.48). Results for RHB stars are much more robust. There are two RHB stars that have large Na abundances and low Ba-ones. They are warmer and brighter than typical RHB stars. They are then likely stars evolved off the Zero Age HB. Their progenitors were likely RR Lyrae or BHB stars. There is also one star with a very large Na excess (#31903: [Na/Fe]=0.93). This is a very Ba-rich star. The nature of these extremely Na-rich stars should need a special discussion, that is deferred to a forthcoming paper.
Conclusions
We presented an analysis of the abundances of several elements, including He, N, O, Na, Mg, Si, Ca, Fe, and Ba, in about a hundred stars along the HB of NGC 1851. We observed 35 BHB stars, 1 RR Lyrae variable, 55 RHB stars, and 13 RGB stars for comparison. Results of this analysis helped to better understand Comparison between the spectra of three RHB stars: star #50923 is a Na-rich and Ba-poor star; star #47546 is Na-rich and Ba-rich; star #32245 is Na-poor and Ba-poor. Note that the stellar D1 line at 5890 Å is blended with the interstellar D2 line in these spectra.
some of the critical issues concerning the formation of this peculiar cluster, which has a bimodal distribution of stars along the HB (about 2/3 RHB and 1/3 BHB), a split SGB (about 2/3 b-SGB and 1/3 f-SGB), and an RGB with a sequence of stars with anomalous v − y colours including some 10% of the stars. The stars in this anomalous RGB are Ba-rich.
The main results we obtained may be summarized as follows:
-RHB stars divide into two groups: the vast majority is Napoor and O-rich; about 10-15% of the stars are Na-rich and moderately O-poor, most, but not all, of them being Ba-rich. -These two groups occupy distinct regions of the colour magnitude diagram, the Na-rich stars being redder and slightly brighter than the Na-poor ones. -An Na-O anticorrelation exists also among BHB stars, that are on average more Na-rich and O-poor than RHB stars. However, there is no clear correlation with temperature/colours. -The BHB stars are enriched in N, but not exceptionally so.
The total CNO abundance is unlikely to be anomalous. -The He abundance of the BHB is Y = 0.29 ± 0.05. This is consistent with both the cosmological value and a small He enhancement. This confirms the lack of evidence for very large He enhancements within NGC 1851.
When coupled with previous knowledge about this cluster, these results clearly rule out the explanation of the splitting of the SGB as due to variations in the total CNO abundance. A difference in age thus remains the only plausible explanation. On the other hand, we suggest to link the Ba-rich RHB stars with the Ba-rich RGB ones. To explain the anomalous v−y colours, these stars should be very N-rich ([N/Fe]∼ 1.55). This upper limit to the N abundance is not inconsistent with the abundance upper limit of [N/Fe]< 1.55 we obtain for one Ba-rich RHB star.
On the whole, the observational frame suggests that most BHB stars descend from the f-SGB stars and are old while most RHB stars descend from the b-SGB and are young, the difference in age being of the order of 1 Gyr. However, the correlation is possibly not one-to-one: it is in fact possible (though not at all demonstrated) that Ba-rich RHB stars descend from f-SGB stars. If this is the case, then some of the BHB stars and RR Lyrae variables descend from b-SGB stars, else there would be an excess of b-SGB stars with respect to the observed RHB stars. A comparison with the case of NGC 362, a GC with a metallicity and age very similar to that of the young component of NGC 1851, shows that this is not unlikely. In fact, while lacking any evident f-SGB, NGC 362 has a significant population of RR Lyrae variables and a scatter of stars along the BHB. Remarkably, the RR Lyrae of NGC 362 and NGC 1851 are indistinguishable in the period-amplitude diagram (Szekely et al. 2007; Walker 1998) , suggesting similar masses and luminosities. The presence of a group of stars that might be identified with the second generation of the young component of NGC 1851 at the cool end of the BHB would contribute explaining the lack of correlations between Na and O abundances with temperature along the BHB.
Several features of NGC 1851 are still unclear. The most relevant is the exact composition (CNO enrichment) and dating of the Ba-rich sequence. This sequence shows evidence for originating from polluters that experienced thermal pulses, and are then likely of rather small mass, but given these uncertainties its role in the formation scenario for this cluster is still to be understood. Progress can be obtained by both a precise determination of the CNO content of these stars and their identification along the SGB of NGC 1851. In addition, the match between the two RGB groups with different Fe abundance found by Carretta et al. (2011a and and the evolutionary sequences requires further confirmation and clarification. Finally, the whole scenario for the formation and evolution of this interesting cluster needs to be put on a more sound basis.
